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ABSTRACT Cleavage of influenza virus hemagglutinin (HA) by host cell proteases is
essential for virus infectivity and spread. We previously demonstrated in vitro that
the transmembrane protease TMPRSS2 cleaves influenza A virus (IAV) and influenza
B virus (IBV) HA possessing a monobasic cleavage site. Subsequent studies revealed
that TMPRSS2 is crucial for the activation and pathogenesis of HIN1pdm and H7N9
IAV in mice. In contrast, activation of H3N2 |IAV and IBV was found to be indepen-
dent of TMPRSS2 expression and supported by an as-yet-undetermined protease(s).
Here, we investigated the role of TMPRSS2 in proteolytic activation of IAV and IBV in
three human airway cell culture systems: primary human bronchial epithelial cells
(HBEC), primary type Il alveolar epithelial cells (AECII), and Calu-3 cells. Knockdown
of TMPRSS2 expression was performed using a previously described antisense peptide-
conjugated phosphorodiamidate morpholino oligomer, T-ex5, that interferes with
splicing of TMPRSS2 pre-mRNA, resulting in the expression of enzymatically inactive
TMPRSS2. T-ex5 treatment produced efficient knockdown of active TMPRSS2 in all
three airway cell culture models and prevented proteolytic activation and multiplica-
tion of H7N9 IAV in Calu-3 cells and H1NT1pdm, H7N9, and H3N2 IAV in HBEC and
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nfluenza A viruses (IAV) and influenza B viruses (IBV) cause acute respiratory disease

(flu) that results in significant human morbidity and mortality in annual epidemics.
IAV and IBV are enveloped viruses with a segmented, negative-sense, single-stranded
RNA genome and belong to the family Orthomyxoviridae. 1AV circulate in a broad range
of avian and mammalian hosts, including poultry, pigs, and humans (1). Aquatic birds
provide the natural reservoir of IAV, and based on antigenic criteria, 16 hemagglutinin
(HA) subtypes (H1 to H16) and 9 neuraminidase (NA) subtypes (N1 to N9) have been
identified. Two more HA subtypes (H17 and H18) and NA subtypes (N10 and N11) have
been found in bats. In contrast, IBV infections are restricted primarily to humans. IBV are
divided into two antigenic lineages, Victoria and Yamagata, and currently cocirculate
with IAV of subtypes H1N1 and H3N2 in the human population (2, 3). Annual seasonal
flu vaccines are designed to protect against these four influenza viruses. In addition to
seasonal outbreaks, the recurrent transmission of IAV between various species provides
the basis for the emergence of novel influenza viruses which pose unpredictable
challenges for public health. In 2009, the emergence of a new HIN1 virus (H1N1pdm)
caused the first influenza pandemic of the 21st century, with an estimated 151,000 to
575,000 deaths (4). Since February 2013, human infections with an avian IAV of subtype
H7N9 have caused over 1,500 confirmed cases of severe influenza disease in China, with
a mortality rate of 39% (WHO, September 2018).

Influenza virus infection is initiated by the major surface glycoprotein HA through
binding to sialic acid-containing cell surface receptors. Upon endocytosis from the cell
surface, fusion of the viral lipid envelope and endosomal membrane delivers the virus
genome into the cytoplasm of the host cell. HA is synthesized as the fusion-
incompetent precursor protein HAO, which requires cleavage by a host cell protease
into the subunits HA1 and HA2 in order to gain fusion capacity. This posttranslational
cleavage has been recognized for more than 40 years as a requirement for IAV and IBV
infectivity and as a major determinant of avian IAV pathogenicity (reviewed in refer-
ences 5 and 6). Low-pathogenicity avian IAV possess a single arginine (R) at the
cleavage site, designated the “monobasic cleavage site,” which can be activated by
trypsin-like proteases present in the respiratory and intestinal tracts. In contrast, HA of
highly pathogenic avian IAV is cleaved at a multibasic motif of the consensus sequence
R-X-R/K-R by the proprotein convertases (PC) furin and PC5/6. The ubiquitous expres-
sion of these enzymes supports virus activation and replication in multiple organs and
tissues, causing systemic infection with an often fatal outcome.

Mammalian and human IAV as well as IBV are also activated at a monobasic HA
cleavage site. However, until a few years ago, the human proteases involved in
activation had not been identified. We identified transmembrane protease serine S1
member 2 (TMPRSS2), a protease expressed in human airway epithelial cells, as being
able to cleave IAV and IBV HA having a monobasic cleavage site (7, 8). More recent
studies demonstrated that TMPRSS2 (also designated epitheliasin in mice) is essential
for activation, multicycle replication, and, consequently, pathogenesis of HIN1pdm and
H7N9 IAV in mice (9-11). Intriguingly, mice deficient in expression of TMPRSS2 were
protected from pathogenesis and lethal outcomes resulting from infection with H7N9
or HINTpdm IAV. In contrast, the same mice were not refractory to infection by a
number of H3N2 strains, suggesting that H3 activation can be independent of TMPRSS2
(9-11). Similar observations have been made with IBV (12). To date, however, the
cellular proteases responsible for HA activation in H3N2 and IBV in mice have not been
clearly determined. Together, these previous studies have made clear that activation of
HA is essential for virus spread and pathogenesis in mammalian hosts. Furthermore, the
data have established that HA having a monobasic cleavage site can differ in its
sensitivity to host cell proteases in mice in vivo.

Peptide-conjugated phosphorodiamidate morpholino oligomers (PPMO) are nucleic
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acid-like antisense agents composed of a morpholino oligomer covalently conjugated
to a cell-penetrating peptide. PPMO are water soluble, enter cells readily without
assistance, and have been used in clinical trials (reviewed in reference 13). Recently, a
morpholino oligomer designed to treat Duchenne muscular dystrophy (eteplirsen)
received approval by the U.S. FDA. PPMO targeting influenza virus or host factor RNA
have been demonstrated to be able to reduce the expression of their respective targets
and significantly affect viral titers in vitro and in vivo (14-20). PPMO have been shown
to enter numerous cell types in vitro and in vivo in a benign manner, including airway
epithelial and primary alveolar cells (16, 21).

We previously developed a PPMO (T-ex5) that interferes with the splicing of
TMPRSS2 pre-mRNA, resulting in the production of mature mRNA lacking exon 5 (17).
This truncated form of TMPRSS2 lacks the low-density lipoprotein receptor class A
(LDLRA) domain and is consequently enzymatically inactive. Knockdown of active
TMPRSS2 expression by T-ex5 prevented HA cleavage of both the HIN1 2009 pandemic
virus A/Hamburg/05/09 (Hamburg/H1N1pdm) and the H3N2 1968 pandemic virus
A/Aichi/2/68 and strongly suppressed virus replication in Calu-3 human airway epithe-
lial cells (17). The data imply that both HIN1pdm and H3N2 IAV are activated predom-
inantly by TMPRSS2 in Calu-3 cells. However, in experiments intended to elucidate
protease expression in Calu-3 cells, reverse transcription-PCR (RT-PCR) analyses re-
vealed that Calu-3 cells lack the expression of human airway trypsin-like protease (HAT)
(also referred to as TMPRSS11D), an enzyme which, in vitro, is capable of cleaving IAV
and IBV HA having a monobasic cleavage site. Calu-3 cells likely also lack the expression
of other potential HA-cleaving proteases present in various cell types of the human
respiratory tract (8, 17). Hence, the role of TMPRSS2 in influenza virus activation in the
human airways overall still remained to be examined in greater detail.

This study was carried out using three types of experimental human airway cell
cultures. Calu-3 is an immortalized human airway epithelial cell line which supports
proteolytic activation of HA with a monobasic cleavage site by endogenous proteases.
Well-differentiated human bronchial epithelial cells (HBEC) grown under air-liquid
interface conditions provide a cell culture system considered to have high relevance to
the human respiratory epithelium. Alveolar type Il epithelial cells (AECII) are the major
target cells of influenza viruses in the human lung (22, 23), and hence, primary AECII
provide another relevant in vitro airway model. This study was designed to use
PPMO-mediated knockdown of TMPRSS2 to investigate its role in proteolytic activation
of IAV and IBV in Calu-3 cells, HBEC, and AECII.

We show that T-ex5 PPMO treatment produced efficient knockdown of the expres-
sion of active TMPRSS2 in all three types of cell cultures and prevented the activation
and spread of HIN1pdm, H7N9, as well as H3N2 IAV. Furthermore, knockdown of active
TMPRSS2 by T-ex5 inhibited proteolytic activation of IBV in AECII, while activation and
spread of IBV in Calu-3 cells and HBEC were not affected. Our data provide strong
evidence that TMPRSS2 is the major HA-activating protease of IAV in the human lower
respiratory tract and of IBV in the human lung and that it constitutes a potential target
for the development of drugs to address influenza infections.

RESULTS

Knockdown of enzymatically active TMPRSS2 by T-ex5 treatment inhibits
replication of H7N9 IAV in Calu-3 airway epithelial cells. In a previous study, we
demonstrated that knockdown of expression of enzymatically active TMIPRSS2 by T-ex5
prevented HA cleavage of HINT1pdm 2009 virus and H3N2 1968 pandemic virus and
strongly suppressed virus replication in Calu-3 cells (17). Here, we analyzed the role of
TMPRSS2 in the activation of zoonotic H7N9, as well as IBV, in Calu-3 cells and various
IAV and IBV in primary HBEC and AECII culture systems.

Calu-3 cells were incubated with T-ex5 PPMO for 24 h prior to infection with
A/Anhui/1/2013 (H7N9) (Anhui/H7N9), in order to reduce the production of normal
TMPRSS2 mRNA and deplete the endogenous enzymatically active TMPRSS2 protein
present in the cells. The cells were then inoculated at a low multiplicity of infection
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FIG 1 Knockdown of TMPRSS2 expression by PPMO T-ex5 inhibits activation and multicycle replication of IAV but
not of IBV in Calu-3 cells. (A) Multicycle replication of Anhui/H7N9 in T-ex5-treated Calu-3 cells. Confluent Calu-3
cells were treated with 25 uM T-ex5 PPMO for 24 h or remained untreated (without [w/0]), inoculated with
Anhui/H7N9 at an MOI of 0.001, and further incubated in the absence of T-ex5 for 72 h. Virus titers were determined
as PFU per milliliter by a plaque assay of supernatants taken at the indicated time points. Results are mean values *
standard deviations (SD) from two independent experiments. (B) Analysis of HA cleavage in T-ex5-treated Calu-3
cells. Calu-3 cells treated with or without T-ex5 for 24 h were inoculated with Anhui/H7N9 at an MOI of 1 and
incubated for 24 h in the absence of T-ex5. Cell lysates were subjected to SDS-PAGE and Western blotting using
H7-specific antibodies. HA1 is not detected by the antibody. Beta-actin was used as a loading control. (C) Analysis
of TMPRSS2-specific mRNA in Calu-3 cells. Cells were treated with 25 uM T-ex5 for 24 h and then incubated without
T-ex5 for 72 h. Total RNA was isolated and analyzed by RT-PCR using primers designed to amplify 1,228 nucleotides
of full-length TMPRSS2 mRNA. Full-length and truncated Aex5 PCR products are indicated. (D) Multicycle replication
of IBV in Calu-3 cells with or without T-ex5 treatment. Confluent Calu-3 monolayers were treated with 25 uM PPMO
T-ex5 or remained untreated. Cells were then inoculated with Malaysia/B or Massachusetts/B at a low MOI of 0.01
and incubated for 72 h in the absence of PPMO T-ex5. At the indicated time points, virus titers were analyzed by
a plaque assay. Data are mean values = SD from three independent experiments. (E) Analysis of HA cleavage in
T-ex5-treated Calu-3 cells. Cells incubated with or without T-ex5 as described above were infected with Malaysia/B
or Massachusetts/B at an MOI of 1 and incubated without further PPMO treatment for 48 h. Cell lysates were
subjected to SDS-PAGE and Western blotting using IBV HA-specific antibodies. Beta-actin was used as a loading
control.

(MOI) and further incubated without PPMO for 72 h. At different time points postin-
fection (p.i.), virus titers were determined by a plaque assay. As shown in Fig. 1A,
multicycle replication of Anhui/H7N9 was almost completely blocked by T-ex5 treat-
ment, whereas the virus replicated efficiently in untreated cells. To confirm that the
inhibition of virus replication was specifically caused by a block of HA cleavage, Calu-3
cells were treated with T-ex5 as described above and then infected with Anhui/H7N9
at a high MOI of 1 for 24 h, followed by SDS-PAGE and Western blot analysis. As
expected, cleavage of HAO was detected in the lysates of untreated cells (Fig. 1B). In
contrast, only the uncleaved HAO precursor was detected in T-ex5-treated cells.

Finally, the effect of T-ex5 on TMPRSS2 expression was studied by analysis of
TMPRSS2-specific mRNA (17). Confluent Calu-3 monolayers were treated with 25 uM
T-ex5 PPMO for 24 h, infected, and further incubated for 72 h in the absence of PPMO.
Total RNA was isolated and analyzed with primers designed to amplify nucleotides 108
to 1336 of TMPRSS2 mRNA. As shown in Fig. 1C, a full-length PCR product of 1,228 bp
was amplified from untreated Calu-3 cells, whereas a shorter PCR fragment of about
1,100 bp was amplified from T-ex5 PPMO-treated cells. Sequencing revealed that the
truncated TMPRSS2 mRNA lacked the entire exon 5 (data not shown). The data
demonstrate that T-ex5 was highly effective at producing exon skipping in TMPRSS2
pre-mRNA in Calu-3 cells and, thus, at inhibiting the expression of the functional
protease.
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Together, the data indicate that in Calu-3 cells, TMPRSS2 is the major HA-activating
protease for H7N9 having a monobasic cleavage site.

TMPRSS2 is not critical for proteolytic activation and multicycle replication of
IBV in Calu-3 cells. We next investigated the role of TMPRSS2 in the proteolytic
activation of IBV in Calu-3 cells. IBV HA is cleaved at a monobasic cleavage site and has
been shown to be activated by TMPRSS2 in vitro (8). However, Sakai and coworkers
demonstrated that IBV activation and replication are independent of TMPRSS2 expres-
sion in a mouse model (12). Rather, IBV activation was associated with as-yet-
unspecified proteases.

To examine the role of TMPRSS2 in proteolytic activation of IBV in Calu-3 cells,
confluent cell monolayers were treated with T-ex5 PPMO prior to infection, inoculated
with B/Malaysia/2506/2004 (Malaysia/B) or B/Massachusetts/71 (Massachusetts/B) at a
low MOI, and incubated in the absence of further T-ex5 treatment for 72 h. At 16, 24,
48, and 72 h p.i., virus propagation was analyzed by plaque titration. Interestingly, IBV
replicated efficiently in T-ex5-treated Calu-3 cells. Virus titers of Massachusetts/B were
similar in T-ex5-treated and untreated control cells. Cells infected with Malaysia/B and
treated with T-ex5 had a 10-fold reduction of the virus titer compared to control cells
(Fig. 1D). To analyze cleavage of IBV HA, Calu-3 cells were treated with T-ex5 for 24 h,
infected with Malaysia/B or Massachusetts/B at an MOI of 1, and incubated in the
absence of T-ex5 for 48 h. Untreated Calu-3 cells were used as controls. Cell lysates were
subjected to SDS-PAGE and immunoblotting with IBV HA-specific antibodies. Cleavage
of HAO was observed in both untreated and T-ex5-treated cells (Fig. 1E). Similar
amounts of viral proteins were present in T-ex5-treated and control cells at 48 h p.i.,
indicating replication of both viruses. These data indicate that the proteolytic activation
of IBV in Calu-3 cells is independent of TMPRSS2 expression and thus differs from the
activation of 1AV, at least in this cell type. TMPRSS2-independent activation of IBV in
Calu-3 cells is consistent with results previously observed in mice (12).

Expression of HA-activating proteases in Calu-3 cell, HBEC, and AECII systems.
In various in vitro settings, the type Il transmembrane serine proteases TMPRSS2,
TMPRSS4, HAT (TMPRSS11D), matriptase (ST14), and TMPRSS13 and the soluble pro-
teases kallikrein 5 (KLK5) and KLK12 have all been shown to be competent to cleave IAV
HA having a monobasic cleavage site (reviewed in reference 24). Therefore, we specif-
ically determined the expression of these proteases in Calu-3 cells using RT-quantitative
PCR (gPCR) analysis. Results for individual protease-specific mRNAs were normalized to
the value for tubulin mRNA. As shown in Fig. 2, mRNAs specific for TMPRSS2, TMPRSS4,
and matriptase/ST14 were expressed in Calu-3 cells. Interestingly, although the expres-
sion level of TMPRSS2 mRNA was low compared to that of tubulin mRNA, it was
sufficient to support efficient activation of IAV in the cells. The TMPRSS2 mRNA level
was about 9-fold lower than the TMPRSS4 mRNA level and 2.5-fold lower than the
matriptase-specific mRNA level. We did not detect expression of HAT/TMPRSS11D,
TMPRSS13, KLK5, and KLK12 mRNA in Calu-3 cells. Taken together, these data suggest
that Calu-3 cells express the HA-cleaving proteases TMPRSS4 and matriptase at higher
levels than TMPRSS2. The lack of Anhui/H7N9 multiplication in T-ex5 PPMO-treated
cells indicates that, at least in Calu-3 cells, TMPRSS4 and matriptase do not support the
activation of H7N9 IAV.

Next, we examined the expression of proteases capable of cleaving HA having a
monobasic cleavage site in primary HBEC and AECII cultures. By virtue of their mor-
phological and architectural complexity, these two types of in vitro model systems
provide a higher degree of physiological relevance to the human respiratory tract than
do Calu-3 cells. In HBEC, we found that mRNAs specific for TMPRSS2, TMPRSS4, HAT/
TMPRSS11D, TMPRSS13, matriptase/ST14, and KLK5 were present, yet only low levels of
TMPRSS13 and KLK5 mRNAs were detected (Fig. 2). The expression level of TMPRSS2
mRNA was about 8-fold higher than that of HAT/TMPRSS11D mRNA but 2.6-fold lower
than that of TMPRSS4-specific mRNA. Expression levels of TMPRSS2 and matriptase/ST14
mRNAs were similar in HBEC. In AECII, mRNAs of all tested proteases were expressed,
although TMPRSS13, KLK5, and KLK12 mRNAs were present at only very low levels.
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FIG 2 RT-gPCR analysis of HA-cleaving protease transcripts in Calu-3 cells, HBEC, and AECII. Total RNA
was isolated from Calu-3 cells, HBEC cultures, or AECII. Relative mRNA expression levels (percent) of
selected proteases were measured by RT-qPCR and normalized by using tubulin as an internal control.
Data are mean values *= SD (n = 3).

Interestingly, TMPRSS2 mRNA showed the highest expression level among the pro-
teases tested in AECII, followed by TMPRSS4, matriptase/ST14, and HAT/TMPRSS11D. The
data indicate that HBEC and AECII express more potential HA-cleaving proteases than
do Calu-3 cells. We therefore wished to examine the role of TMPRSS2 in the activation
of IAV in HBEC and AECII.

Knockdown of active TMPRSS2 inhibits multicycle replication of 1AV, but not
IBV, in primary human bronchial epithelial cells. Primary HBEC cultivated under
air-liquid interface conditions for 3 to 4 weeks form a pseudostratified epithelium
comprised of ciliated, goblet, and basal cells and provide a cell culture system that
closely approximates the human airway epithelium. First, we examined the expression
of TMPRSS2 in HBEC cultures by immunofluorescence analysis. Well-differentiated HBEC
cultures were immunostained for mucin 5AC (MUC5AC) to indicate goblet cells and
acetylated tubulin to indicate ciliated cells (Fig. 3A). Using nonpermeabilized HBEC, we
found that TMPRSS2 is expressed on the surface of ciliated cells (Fig. 3A). By using cross
sections of permeabilized HBEC cultures, TMIPRSS2 was seen to be expressed in basal
cells in addition to ciliated cells. We note that the high level of signal colocalization for
TMPRSS2 and cilia on the plasma membrane (Fig. 3A, cross section) is most likely due
to the folding over of cilia during the preparation of HBEC cross sections, rather than
expression of TMPRSS2 along the entire length of the cilia (Fig. 3A, top view, nonper-
meabilized cells).

Next, to determine whether T-ex5 PPMO efficiently enters the cytoplasm and
provides efficient knockdown of enzymatically active TMPRSS2 expression in HBEC, the
cultures were treated with 25 uM T-ex5 PPMO for 24 h in a manner similar to that
carried out in the experiments using Calu-3 cells described above. Subsequently, total
RNA was isolated and analyzed by RT-PCR. As shown in Fig. 3B, T-ex5 treatment caused
skipping of exon 5 in approximately 80% of TMPRSS2 mRNA. We found that the use of
higher concentrations of T-ex5 PPMO (30 uM or 40 uM) did not increase the exon
skipping efficiency, as an estimated 20% of the TMPRSS2 mRNA still remained as
full-length mRNA in the HBEC cultures. This is in contrast to the dose-dependent
knockdown of TMPRSS2 expression previously observed in monolayer Calu-3 cells (17),
where concentrations above 20 uM produced higher levels of splice alteration. We
suspect that this difference is likely due to the stratified structure of differentiated HBEC
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(goblet cells) and acetylated tubulin (cilia), and nonpermeabilized HBEC were immunostained against cilia and TMPRSS2. Sections of permea-
bilized HBEC cultures were immunostained against TMPRSS2 and cilia. Coexpression is presented as merged false color (yellow). The nuclei were
stained using DAPI (blue) as a counterstain. ci, ciliated cell; go, goblet cell; ba, basal cell. (B) RT-PCR analysis of TMPRSS2 mRNA in T-ex5-treated
HBEC cultures. Cells were treated with the indicated concentrations of PPMO T-ex5 for 24 h, the medium was then replaced, and the cells were
incubated in the absence of T-ex5 for 24 h. Total RNA was isolated and amplified with TMPRSS2-specific primers to amplify a full-length mature
mRNA fragment of 1,228 bp and the truncated Aex5 fragment. (C) Evaluation of the effect of PPMO treatment on cell viability. HBEC cultures were
treated with 25 uM T-ex5 or a nonsense-sequence negative-control PPMO (scramble) for 24 h. Cell viability of untreated cells (w/o0) was set as
100%. Results are mean values = SD (n = 3). (D) Multicycle replication of IAV and IBV in PPMO-treated HBEC. HBEC cultures were treated with
25 uM T-ex5 or scramble for 24 h or remained untreated (w/0); infected with Hamburg/H1N1pdm, Anhui/H7N9, Aichi/H3N2/PR8, or Malaysia/B
at a low MOI of 0.01 to 0.005; and further incubated in the absence of PPMO for 24 h. Cells were fixed, permeabilized, and immunostained against
the viral nucleoprotein (NP) and cilia. Coexpression is presented as merged false color (yellow). The nuclei were stained using DAPI as a
counterstain. Representative images from two (H7N9 and IBV) or three (H1N1pdm and H3N2) independent experiments are shown. Bars, 100 um.
(E) Plaque assays of progeny virus released from H7N9/Anhui- and Malaysia/B-infected HBEC at 24 h p.i. Results show virus titers from one
experiment (H7N9/Anhui) and mean values = SD from three independent experiments (Malaysia/B). (F) Analysis of HA cleavage in PPMO-treated
HBEC. HBEC cultures were treated with 25 uM T-ex5 or scramble PPMO for 24 h and then infected with Anhui/H7/PR8 or Malaysia/B at an MOI
of 1 for 48 h. Cell lysates were subjected to SDS-PAGE and Western blotting with H7- or IBV HA-specific antibodies. Beta-actin served as a loading
control.
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cultures and that full-length TMPRSS2 mRNA was derived mostly from basal cells, which
reside below the ciliated and goblet cells (Fig. 3A). It is likely that T-ex5 PPMO did not
penetrate sufficiently through the layers of other cell types to the extent necessary to
efficiently access the basal cells. Thus, based on the observed overall knockdown, the
exon skipping efficiency of T-ex5 in the upper cell layers was most likely higher than
80%. Based on these observations, we decided to use a dose of 25 uM T-ex5 PPMO for
further experiments in HBEC cultures.

To evaluate whether PPMO treatment affected cell viability, HBEC were treated with
25 uM T-ex5 PPMO for 24 h under the same conditions as the ones used in the virus
multicycle replication experiments reported below. As a control, a PPMO of a nonsense
sequence designated “scramble” was used. The cell viability of PPMO-treated HBEC was
compared to that of untreated HBEC cultures. As shown in Fig. 3C, HBEC cultures
treated with T-ex5 or scramble PPMO displayed no loss in viability.

To examine the replication efficiency of IAV in HBEC cultures in the absence or
presence of active TMPRSS2, cells were treated with 25 uM T-ex5 or scramble PPMO or
remained untreated for 24 h prior to infection. Cells were then inoculated with either
Hamburg/H1N1pdm, Aichi/H3N2/PR8 [HA and NA of A/Aichi/2/68 (H3N2) and 6 genes
of A/PR8/34 (H1N1) (PR8)], Anhui/H7N9, or Malaysia/B, at a low MOI of 0.01 to 0.001,
and incubated for 24 h to allow multiple cycles of viral replication. At 24 h p.i., cells were
fixed and immunostained against the viral nucleoprotein (NP). In addition, ciliated cells
were immunostained. As shown in Fig. 3D, foci of infection were visible for all four
viruses at 24 h postinfection (p.i.) in untreated or scramble PPMO-treated HBEC cultures.
In contrast, the spread of Hamburg/H1N1pdm, Anhui/H7N9, and Aichi/H3N2/PR8 was
strongly suppressed by T-ex5 treatment, with only a few sporadic single cells appar-
ently infected. We suspect that these individual virus-positive cells were the result of
direct infection by the initial inoculation. However, the spread of Malaysia/B was
unaffected by T-ex5 treatment in HBEC cultures, in congruence with that observed in
Calu-3 cells. We also quantified progeny virus released from Anhui/H7N9- and Malaysia/
B-infected HBEC at 24 h p.i. by using apical washes of the cultures for plaque titration.
Consistent with our observations of PPMO-treated Calu-3 cells (Fig. 1A), a 100-fold
reduction of the virus titer was determined for Anhui/H7N9 in T-ex5-treated HBEC
compared to control PPMO-treated cells, whereas virus titers of Malaysia/B were similar
in T-ex5- and scramble-treated cells (Fig. 3E). To analyze HA cleavage in HBEC, the cells
were treated with PPMO as described above, infected with Anhui/H7/PR8 or Malaysia/B
at an MOI of 1, and incubated for 48 h. Infection of HBEC for HA cleavage analysis was
performed under biosafety level 2 (BSL2) conditions, and therefore, the recombinant
Anhui/H7/PR8 virus, which contains the HA of Anhui/H7N9 along with 7 genes of PR8,
was used instead of the Anhui/H7N9 virus. Analysis of cell lysates by SDS-PAGE and
immunoblotting demonstrated that cleavage of H7 HAO was inhibited in T-ex5-treated
HBEC, while IBV HAO cleavage was not significantly inhibited in either T-ex5- or
scramble-treated HBEC (Fig. 3F).

Together, the data indicate that in primary HBEC, TMPRSS2 is the primary protease
responsible for the activation of IAV HA having a monobasic cleavage site. In contrast,
activation of IBV in HBEC is independent of TMPRSS2 expression and instead supported
by an as-yet-undetermined protease(s).

Upregulation of HA-activating protease transcripts in HBEC upon IAV and IBV
infection. A recent study demonstrated that KLK5 mRNA is upregulated in air-liquid
interface cultures of primary human bronchial epithelial cells infected with A/Scotland/
20/74 (H3N2), thus suggesting that KLK5 may be involved in H3N2 activation in human
bronchi (25). Here, we aimed to examine whether mRNA expression levels of the
different HA-activating protease candidates mentioned above are altered in HBEC
cultures upon influenza virus infection and whether differences in protease mRNA
expression are observed between the different viruses used in the present study. HBEC
cultures were inoculated with Aichi/H3N2/PR8, Hamburg/H1N1pdm, or Malaysia/B at
an MOI of 1 and incubated for 24 h. Subsequently, mRNA expression of TMPRSS2,
TMPRSS4, HAT/TMPRSS11D, TMPRSS13, matriptase/ST14, and KLK5 was analyzed by
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FIG 4 RT-qPCR analysis of HA-activating protease transcripts in virus-infected HBEC. Well-differentiated
HBEC cultures were infected with Malaysia/B, Aichi/H3N2/PR8, or Hamburg/H1N1pdm at an MOI of 1 for
24 h, and total RNA was subsequently isolated. Relative mRNA expression levels of selected proteases
were measured by RT-qPCR and normalized using tubulin as an internal control. Protease transcript
expression levels are expressed as fold change values obtained with the uninfected mock control (set as
1). Data are shown as 27227 values in box plots (minimum to maximum) (n = 4). Data (AC; values) were
analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple-comparison test
according to the number of parameters and groups being compared. A P value of <0.05 was considered
significant (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.00001).

RT-gPCR. Upon infection of HBEC with H3N2 IAV, an approximately 1.6-fold upregula-
tion of KLK5 mRNA was detected (Fig. 4). Furthermore, significant increases in mRNA
levels of matriptase (2.4-fold), TMPRSS4 (1.7-fold), and HAT/TMPRSS11D (1.8-fold) were
observed in H3N2-infected HBEC compared to uninfected cells. HIN1pdm infection
caused a slight increase in KLK5 and TMPRSS4 mRNA levels and a significant increase in
matriptase/ST14 and HAT/TMPRSS11D mRNA levels. IBV infection resulted in a signifi-
cant increase (2-fold) in KLK5 mRNA expression and an ~1.4-fold increase in mRNA
levels of matriptase/ST14 and HAT/TMPRSS11D. Interestingly, the TMPRSS2 mRNA level
was not altered upon infection with any of the three viruses. The same was observed
for TMPRSS13 mRNA. The data suggest that expression levels of TMPRSS4, HAT, KLKS5,
and matriptase are slightly increased in virus-infected HBEC. However, the lack of 1AV
multicycle replication in T-ex5-treated HBEC (Fig. 3) indicates that these proteases are
not able to support IAV activation in HBEC.

TMPRSS2 is essential for proteolytic activation of both IAV and IBV in primary
human type Il alveolar epithelial cells. AECII account for approximately 15% of total
cells in the human lung and have been shown to be the major target cells for 1AV
infection in human lung (22, 23, 26). Therefore, we also examined the role of TMPRSS2
in proteolytic activation and multiplication of Hamburg/H1N1pdm, Aichi/H3N2/PRS,
and Anhui/H7/PR8 IAV and IBV in primary human AECII.

In contrast to the experiments performed in Calu-3 cells and HBEC, efficient knock-
down of TMPRSS2 expression in AECII required treatment of cells with 30 uM PPMO
both pre- and postinfection. The reasons are not entirely clear but may be due to the
more elaborate surface composition in AECII than in other cell types, which could
represent a more challenging physical barrier to cellular entry by PPMO.

AECII cultures were grown on filter devices, treated with 30 uM T-ex5 or scramble
PPMO for 24 h, inoculated with recombinant Anhui/H7/PR8 at a low MOI, and further
incubated in the presence of 30 uM PPMO for 72 h. Untreated cells were used as a
further control. At different time points p.i., multicycle replication was analyzed by a
plaque assay. Efficient replication of up to 107 PFU/ml of Anhui/H7/PR8 was observed
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in untreated and scramble PPMO-treated AECII, whereas virus growth was strongly
inhibited in T-ex5-treated cells (Fig. 5A). To demonstrate inhibition of HAO cleavage by
T-ex5 treatment in AECII, cells treated with or without T-ex5 for 24 h were infected with
Anhui/H7/PR8 at an MOI of 0.1 and further incubated with PPMO for 72 h. As shown in
Fig. 5B, only the precursor HAO was detected in T-ex5-treated cells, while cleavage of
HAO into HA2 was observed in control cells. RT-PCR analysis of TMPRSS2 mRNA revealed
efficient exon skipping in T-ex5-treated AECII, with almost 100% of TMPRSS2 mRNA
being expressed as a truncated form lacking exon 5 (Fig. 5C). We next analyzed
multicycle replication of Hamburg/HTINTpdm and Aichi/H3N2/PR8 in AECI T-ex5-
treated or untreated cells. The spread of both IAVs was inhibited in T-ex5-treated cells,
with only a few infected cells detected at 24 h p.i. (Fig. 5D). The virus titer of
Aichi/H3N2/PR8 was reduced 100-fold in T-ex5-treated AECII compared to control cells
(Fig. 5E), similar to the titer reduction observed with Anhui/H7/PR8 (Fig. 5A).

We also examined whether the TMPRSS2-independent activation of IBV observed in
Calu-3 cells and HBEC cultures also occurs in AECII. Surprisingly, the spread of Malay-
sia/B and Massachusetts/B was inhibited by knockdown of TMPRSS2 expression in
T-ex5-treated AECII, with only a few single infected cells visible (Fig. 5D). This result is
in contrast to what has been observed for HBEC and Calu-3 cell cultures and is also in
contrast to what has been described in mice (12). The strong suppression of Malaysia/B
replication in T-ex5-treated cells was further confirmed by plaque titration of progeny
virus at 24 h p.i. where we observed a 1,000-fold reduction of virus titers in T-ex5 versus
untreated cells (Fig. 5E). In addition, large amounts of HA were detected in untreated
AECIl infected with Aichi/H3N2/PR8 or Malaysia/B, where cleavage of HAO was observed
(Fig. 5F). In contrast, only a low level of, if any, HA was detected in T-ex5-treated AECII
infected with either virus. Finally, to further confirm that the suppression of virus
propagation by T-ex5 PPMO was due to inhibition of cleavage of HA with a monobasic
cleavage site by TMPRSS2, we investigated the multicycle replication of A/FPV/Ros-
tock/34 (H7N1) (FPV/H7N1) in T-ex5-treated AECII. FPV/H7N1 contains a multibasic HA
cleavage site, which can be activated by ubiquitously expressed furin and PC5/6 and is
therefore unlikely to be affected by knockdown of TMPRSS2 activity. As expected,
FPV/H7N1 spread was efficient and similar in both T-ex5-treated and untreated cells
(Fig. 5G). In addition, evaluation of cell viability in PPMO-treated AECII revealed no
significant cytotoxicity in the cells, with 3% and 5% losses in viability in scramble- and
T-ex5-incubated cells, respectively (Fig. 5H).

Taken together, our data demonstrate that TMPRSS2 is the major HA-activating
protease of HIN1pdm, H7N9, and H3N2 IAV in human bronchial epithelial cells and
type Il pneumocytes and is essential for virus multiplication. Furthermore, our data
show that TMPRSS2 is essential for the activation and spread of IBV in human type Il
pneumocytes, whereas IBV activation in HBEC and Calu-3 cells is carried out, at least in
part, by a protease(s) other than TMPRSS2. Thus, the TMPRSS2-independent activation
of IBV previously observed in mice was also observed here in human bronchial cells but
not in human type Il pneumocytes.

Murine AECII support TMPRSS2-independent activation of H3N2 IAV and IBV.
As described above, TMPRSS2-dependent activation of H3N2 IAV and IBV in primary
human AECII differs from TMPRSS2-independent activation of these viruses in mice. The
protease(s) that activates H3N2 and IBV, but not HIN1pdm and H7N9 IAV, in murine
lung is still not determined, and it remains unknown whether it is expressed in murine
AECII or produced and made available by other cell types in the murine lung. We
therefore investigated multicycle replication of Hamburg/H1N1pdm, Aichi/H3N2/
PR8, Anhui/H7/PR8, and Malaysia/B in primary AECII from TMPRSS2-deficient mice
(Tmprss2—/~) and their wild-type littermates (Tmprss2+/+) (27). As shown in Fig. 6A
and B, Hamburg/H1N1pdm and Anhui/H7/PR8 were able to undergo multicycle
replication and grow to high titers in AECII from wild-type mice, whereas virus
spread and efficient multiplication in AECIl from TMPRSS2-deficient mice were
inhibited. Western blot analysis of cell lysates confirmed virus multiplication and
cleavage of H1 and H7 in AECII from Tmprss2+/* mice, whereas a very little, if any,
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FIG 5 Knockdown of TMPRSS2 activity inhibits activation of both IAV and IBV with a monobasic HA cleavage site
in primary human type Il alveolar epithelial cells (AECII). (A) Multicycle replication of Anhui/H7/PR8 in T-ex5-treated AECII. Cells
were treated with 30 uM T-ex5 or scramble PPMO or remained untreated (w/o) for 24 h. Cells were then infected with
Anhui/H7/PR8 at an MOI of 0.005 and incubated in the presence of 30 uM PPMO for 72 h. At the indicated time points, virus
titers were determined by a plaque assay. Data are mean values from two independent experiments = SD. (B) Analysis of HA
cleavage in PPMO-treated AECII. AECII treated with T-ex5 for 24 h were infected with Anhui/H7/PR8 at an MOI of 0.1 and
incubated for 72 h in the presence of T-ex5. Untreated cells were used as controls. Cell lysates were analyzed for HA cleavage
by SDS-PAGE and Western blotting. HA1 is not detected by the antibody. (C) RT-PCR analysis of TMPRSS2 mRNA in
Anhui/H7/PR8-infected AECII with or without T-ex5 treatment for 72 h. Total RNA was isolated and amplified with TMPRSS2-
specific primers to amplify a full-length mature mRNA fragment and the truncated Aex5 fragment. (D) Spread of IAV and IBV
in T-ex5-treated cells. AECII cultures treated with T-ex5 for 24 h were inoculated with the indicated virus at an MOI of 0.01 to
0.001 and incubated in the presence of T-ex5 for 24 h. Cells were fixed and immunostained against viral NP, prosurfactant
protein C (pro-SP-C) (AECII marker), and DAPI. Untreated cells were used as controls. Representative images from two
independent experiments are shown. Bars, 100 um. (E) Progeny virus released from Aichi/H3N2/PR8- and Malaysia/B-infected
AECII was quantified using a plaque assay at 24 h postinfection. Virus titers from a representative experiment are shown. (F)
Analysis of HA cleavage in T-ex5-treated AECII. AECII were treated with T-ex5 for 24 h, infected at an MOI of 0.5 (Aichi/H3N2/
PR8) or 0.01 (Malaysia/B), and further incubated in the presence of T-ex5 for 24 and 72 h, respectively. Untreated cells were
used as controls. Cell lysates were analyzed for HA cleavage by immunoblotting using H7- and IBV HA-specific antibodies,
respectively. Beta-actin was used as a loading control. Lanes are spliced together from one immunoblot from one experiment.
(G) Spread of FPV/H7N1 in T-ex5-treated AECII. Cells with or without T-ex5 treatment for 24 h were infected with FPV/H7N1
and incubated in the presence or absence of T-ex5 for 24 h. Cells were immunostained against viral NP, pro-SP-C, and DAPI.
(H) Effect of PPMO treatment on AECII viability. AECIl were treated with PPMO for 24 h. Cell viability of untreated (w/o) cells
was set as 100%. Results are mean values = SD (n = 3).
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FIG 6 TMPRSS2-independent activation of H3N2 IAV and IBV in murine AECII. (A) Primary AECII isolated from lungs of TMPRSS2-
deficient mice (Tmprss2—/~) or wild-type littermates (Tmprss2+/*) were infected with the indicated virus at an MOI of 0.01 to 0.001.
At 24 h p.i, cells were fixed, permeabilized, and stained for viral NP and pro-SP-C (AECII marker). DAPI was used as a counterstain.
Representative images from three independent experiments are shown. Bars, 100 wm. (B) Multicycle replication of IAV and IBV in AECII
of Tmprss2—/= and Tmprss2+/* mice. Primary murine AECII were infected with the indicated virus at a low MOI. At the indicated time
points, virus multiplication was analyzed by a plaque assay. Data are mean values = SD from three independent experiments. (C) HA
cleavage in AECII of Tmprss2*/+ and Tmprss2—/— mice. At 72 h p.i., cell lysates were subjected to SDS-PAGE and immunoblotting using
HA-specific antibodies. Beta-actin served as a loading control.

H1 or H7 was detected in AECII from TMPRSS2-deficient mice (Fig. 6C). In contrast,
multicycle replication of Aichi/H3N2/PR8 and Malaysia/B and cleavage of H3 and IBV
HA were similar in AECIl of TMPRSS2-deficient mice and wild-type littermates (Fig.
6). These data suggest that the protease(s) that supports TMPRSS2-independent
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activation of H3N2 IAV and IBV in murine lung is expressed in murine AECII.
Moreover, the data indicate that mouse and human AECII differ in their protease
repertoires capable of activating H3 and IBV HA.

In conclusion, our data indicate that TMPRSS2 is the major HA-activating protease of
IAV and IBV in human type Il pneumocytes. In contrast, HA of H3N2 IAV and IBV is
activated in murine type Il pneumocytes by a different protease that has not yet been
determined.

DISCUSSION

Previous studies by us and others identified TMPRSS2 as a host cell factor essential
for activation and spread of HINTpdm and H7N9 IAV in murine airways and demon-
strated that knockout of TMPRSS2 prevents pathogenesis from these influenza viruses
in mice. In contrast, activation and pathogenesis of a number of H3N2 IAV and IBV
strains in mice were largely independent of TMPRSS2 expression and were instead
performed by as-yet-unspecified proteases. The present study demonstrates that
TMPRSS2 is crucial for proteolytic activation and spread of HIN1pdm, H7N9, as well as
H3N2 IAV in primary human bronchial epithelial cells and for both IAV and IBV
activation in primary human type Il pneumocytes. Thus, our data indicate that TMPRSS2
is the major HA-activating protease of IAV in the lower respiratory tract and of IBV in
human lung overall and appears to be a promising host factor target for influenza drug
development.

We found that the TMPRSS2 dependence of H3N2 IAV and IBV activation is different
in primary human airway cells and mice. The identities of the specific proteases
involved in the activation of H3 and IBV HA in murine airways remain to be determined.
Furthermore, it is unknown whether H3N2 IAV and IBV are activated by the same
protease(s) in mice. Here, we show that AECII from human and mouse differ in their
repertoires of H3 and IBV HA-cleaving proteases. H3N2 IAV and IBV were able to
undergo multicycle replication in AECII isolated from both TMPRSS2-deficient mice and
their wild-type littermates. In contrast, knockdown of TMPRSS2 activity in primary
human AECII using the T-ex5 PPMO prevented the spread of both viruses. The differ-
ences in the HA-activating protease repertoires between mice and humans may be
related to a larger number or higher expression level of appropriate proteases in
murine airways and/or due to the tight regulation of protease activities by endogenous
inhibitors in human cells. Furthermore, differences in the substrate specificity of murine
and human proteases may contribute to the differences in the TMPRSS2 dependence
of H3 cleavage in human and murine airways. Human KLK5 has been shown to cleave
IAV H3 in vitro (25, 28). In contrast, murine KLK5 was not able to cleave H3 in vitro, and
replication of H3N2 IAV was similar in wild-type and KLK5-deficient mice, demonstrat-
ing that KLK5 does not contribute to H3N2 IAV activation in mice (29). Vice versa, it may
be that an undetermined murine protease cleaves H3 or IBV HA, whereas its human
orthologue does not. Notably, the human genome encodes 588 proteases, whereas 672
protease genes have been annotated in the murine genome (30) (Mammalian Degra-
dome Database). Hence, TMPRSS2-independent activation of H3N2 IAV or IBV in murine
airways may be due to a mouse-specific protease. A recent study showed that TMPRSS4
contributes to H3N2 IAV activation in mice (31). Nonetheless, H3N2 virus was still
proteolytically activated in TMPRSS2-TMPRSS4 knockout mice, and 30% of mice suc-
cumbed to infection, suggesting that at least one other undetermined H3-cleaving
protease is present in murine airways. Our RT-gPCR analysis indicated that TMPRSS4 is
also expressed in human AECII, HBEC, and Calu-3 cells. However, TMPRSS4 was not able
to compensate for the lack of TMPRSS2 in the activation of H3N2, as shown by the lack
of multicycle replication of H3N2 virus in T-ex5-treated human airway cells. It remains
to be investigated why TMPRSS4 supports IAV activation in murine airways yet fails to
do so in primary human airway cells. Overall, it remains to be investigated which
protease(s), in addition to TMPRSS2, supports the activation of H3N2 IAV and IBV in
murine AECII. Notably, it appears that the unidentified protease either is not present, as
an active enzyme, in human AECII or is incapable of cleaving influenza virus HA in these
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cells. The differences in the TMPRSS2 dependence of H3N2 IAV and IBV activation
between primary human airway cells and mice exemplify limitations in using the mouse
as a model to identify and characterize HA-cleaving proteases. Such species-specific
differences should be considered when testing the efficacy of protease inhibitors as
influenza drugs in an animal model. However, we also note that different mouse strains
could differ in their protease repertoires or that genetic differences of the human
donors could contribute to the species-specific discrepancies in the expression of
HA-cleaving proteases that we observed in this study.

Orthologues of TMPRSS2 have been cloned from chicken, swine, and nonhuman
primates and have been shown to be capable of activating IAV with a monobasic HA
cleavage site, indicating that TMPRSS2 can support HA activation in various species
(32-34). The characteristic role of TMPRSS2 in IAV activation in these hosts, however,
remains to be investigated. Comparative genomic analysis of zebra finch, chicken,
human, and mouse indicates that avian genomes encode a considerably lower number
of proteases (including tryptases and kallikreins) than do human and mouse genomes
(35). However, it cannot be concluded from that study how important TMPRSS2 is for
the activation of IAV in chicken. Because of the importance of avian hosts for the global
ecology and epidemiology of IAV, it would be of particular interest to examine the role
of TMPRSS2 in AV activation in the respiratory and intestinal tracts of birds.

Here, we found that activation of IBV in primary HBEC and Calu-3 cells was
independent of TMPRSS2 and due to a so-far-unspecified protease(s), a result similar to
that reported previously regarding IBV activation in mice (12). Interestingly, it was also
previously observed that IBV, but not IAV, is proteolytically activated by undetermined
endogenous proteases in specific MDCK cell lines (36, 37). Thus, it appears that,
compared to 1AV, IBV HA can be cleaved by a broader range of host proteases. IBV HA
cleavage in the airways has not been well characterized, but proteases capable of
cleaving IAV HA are probably involved. Our data indicate that Calu-3 cells and HBEC
express an IBV-activating protease that is not present (at least in an enzymatically active
form) in human AECII. Analysis of the expression of different HA-activating proteases in
AECII by RT-gPCR, however, revealed no obvious candidate. High levels of TMPRSS4
mRNA were detected in Calu-3 cells and HBEC compared to other protease mRNAs, and
TMPRSS4 may therefore represent a protease candidate responsible for the activation
of IBV in HBEC and Calu-3 cells. On the other hand, TMPRS54 mRNA has also been
detected in AECII, and it seems unlikely that it supports IBV activation in HBEC and
Calu-3 cells but not in AECII. The same is true for matriptase, HAT, TMPRSS13, KLK5, and
KLK12. Expression levels of TMPRSS13, KLK5, and KLK12 were very low in primary
human airway cells and not detected in Calu-3 cells. Notably, low levels of TMPRSS2
mRNA were also detected in Calu-3 cells and are likely sufficient to support efficient
proteolytic activation of HIN1pdm, H7N9, and H3N2 IAV in these cells (Fig. 1) (17). Thus,
influenza virus activation apparently does not require high expression levels of relevant
proteases. In sum, our data show that activation of IBV can be carried out by various
proteases at various regions along the respiratory tract, with TMPRSS2 being crucial for
IBV activation in human AECII but not in human bronchi. It remains to be investigated
whether one of the above-mentioned protease candidates supports the activation of
IBV in HBEC and Calu-3 cells.

A recent study showed upregulation of KLK5 mRNA in air-liquid interface cultures of
HBEC upon infection with H3N2 IAV and elevated levels of KLK5 in tracheal aspirates of
influenza patients (25). Enhanced shedding of HAT and TMPRSS2 has been observed for
differentiated human nasal epithelial cells upon exposure to ozone in vitro (38).
Moreover, ozone exposure enhanced the replication of H3N2 IAV in these cells. HAT
was originally isolated as an enzymatically active protease from sputa of patients with
chronic airway diseases (39). Thus, stress or disease conditions in human airway cells
may enhance the release of HA-cleaving proteases and increase susceptibility to
influenza virus infection. Here, we observed a slight increase in mRNA levels of KLK5,
matriptase/ST14, HAT/TMPRSS11D, and TMPRSS4 in HBEC cultures inoculated with
H1N1pdm, H3N2, or IBV. Interestingly, TMPRSS2 mRNA levels were not altered upon IAV
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or IBV infection in HBEC. It remains to be investigated whether upregulation of protease
mRNAs resulted in overall elevated protease activity in HBEC cultures. Protease activ-
ities can be tightly requlated by different mechanisms, including protease inhibitors,
zymogen activation, activation cascades, subcellular localization, and cofactors, and it
is not possible to directly correlate protease mRNA levels with protease expression and
activity. Nevertheless, the lack of H3N2 activation in T-ex5-treated HBEC suggests that
KLK5, matriptase, HAT, and TMPRSS4 play a negligible role in the activation of H3N2 IAV
in HBEC. Still, these proteases may be involved in the activation of IBV in human
bronchial cells.

In 1998, the crystal structure of H3 HAO was solved and revealed that the cleavage
site is located in a prominent surface loop (40). Structural analysis of the H1 HAO of the
1918 pandemic virus showed that the cleavage site loop is less exposed than in H3 HAO
(41). The third HAO structure solved to date, H16 of a low-pathogenicity avian IAV,
contains an a-helix structure in the cleavage site loop, with the arginine residue being
hidden behind the helix (42). Interestingly, H16 was shown to be resistant to cleavage
by trypsin but is cleaved by TMPRSS2 in vitro (42, 43). Thus, it appears that the
conformation and exposure of the HA cleavage site loop may differ more than generally
assumed among IAV subtypes and that the cleavage site of H3 may be more accessible
to various proteases. A recent study showed that replacement of amino acids 320 to
328 (H3 numbering) of the C terminus of HA1 of pandemic H1 (L-R-N-I-P-5-I-Q-S-R | ) by
the H3 sequence (M-R-N-V-P-E-K-Q-T-R|) did not support proteolytic activation of the
mutated H1 in TMPRSS2 knockout mice (44). However, proteolytic activation of H1 in
TMPRSS2-deficient mice was facilitated by replacement of amino acid E31 of H1 with
D31 of H3 together with substitution of amino acids 320 to 328 of the HA1 C terminus.
E31 of H1 is predicted to form a salt bridge with R321, which is in close proximity to the
cleavage loop. Sakai and coworkers found that the H3N2 virus strain A/Guizhou/54/89
required loss of an oligosaccharide at Asn8 of HAT by N8K mutation to undergo
TMPRSS2-independent activation in mice (45). Enhanced HA cleavage and, thus, viru-
lence due to the loss of a steric blocking oligosaccharide side chain have also been
described for highly pathogenic avian IAV (46). Taken together, these studies suggest
that TMPRSS2-independent cleavage of H3, but not H1, in mice is determined by
exposure and accessibility of the cleavage site loop rather than specific HA amino acid
motifs. The crystal structure of cleaved IBV HA was solved in 2008 (47), but to date, no
structural information is available for the cleavage site of IBV HAO. However, activation
of IBV HA by proteases in addition to TMPRSS2 suggests that the cleavage site loop is
readily accessible to different proteases. Notably, it seems that the as-yet-undetermined
H3/IBV HA-activating protease(s) present in mice and/or HBEC possesses a narrower
substrate-binding pocket than TMPRSS2. Endogenous TMPRSS2 activates H1, H3, H7,
and IBV HA in airway cells. Furthermore, transiently expressed TMPRSS2 has been
shown to cleave IAV HA of almost all subtypes, including H16, which is resistant to
cleavage by trypsin, and bat-associated H17 and H18 (43, 48, 49). The role of TMPRSS2
in the activation of low-pathogenicity avian IAV of different HA subtypes as well as
bat-associated H17 and H18 in human airway cells remains to be examined.

Previous results showing that TMPRSS2-deficient mice do not develop symptoms of
disease after HIN1pdm and H7N9 IAV infection by virtue of inhibition of virus activation
and spread along the respiratory tract clearly demonstrate that HA cleavage is a process
which could potentially be targeted for drug development to treat influenza infections
(9-11). The concept of targeting HA cleavage for influenza treatment was first ad-
dressed by Zhirnov and coworkers using the broad-range serine protease inhibitor
aprotinin isolated from bovine lungs (50, 51). Aprotinin efficiently inhibited influenza
virus activation and multiplication in embryonated chicken eggs, human airway epi-
thelial cells, and lungs of infected mice. In a clinical trial, inhalation of aerosolized
aprotinin in patients with influenza and parainfluenza markedly reduced the duration
of symptoms without causing side effects (51). To date, the development of protease
inhibitors as a preventative and/or therapeutic strategy for influenza treatment has
been minimal. This lack of development has been largely due to limited knowledge
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about the specific physiological functions and characteristics of relevant host cell
proteases and concerns about potential side effects resulting from their downregula-
tion. In this study, we provide strong evidence that TMPRSS2 is the major HA-activating
protease of IAV in human lower airways and IBV in human lung and that it appears to
be a suitable target for the development of inhibitors able to block HA cleavage. This
concept is further supported by the observation that a single nucleotide polymorphism
in the TMPRSS2 gene resulting in higher protease expression levels correlated with
increased susceptibility to HIN1Tpdm and H7N9 IAV infection and a higher likelihood of
severe disease (52). TMPRSS2 has been shown to be sensitive to a number of broad-
spectrum serine protease inhibitors, including aprotinin, ovomucoid trypsin inhibitor,
and camostat (53-55). Furthermore, a number of potent peptide or peptide-mimetic
inhibitors of TMPRSS2 have been described during the last decade and were shown to
prevent IAV and IBV activation and multiplication in cell cultures (reviewed in reference
56). However, all of these compounds inhibit numerous trypsin-like proteases and thus
may cause various adverse effects. In contrast, specific inhibition of TMPRSS2 during
acute influenza infection is expected to be well tolerated. TMPRSS2-deficient mice show
no discernible phenotype, indicating functional redundancy or compensation of phys-
iological functions by another protease(s) in the host (27). The development of highly
selective peptide or peptide-mimetic protease inhibitors of TMPRSS2 is hampered by
the lack of structural information on its catalytic domain. PPMO are highly selective
inhibitors of target gene expression. They bind to a complementary sequence in target
mRNA and can affect gene expression by steric blockage of translation initiation or
pre-mRNA splicing. Based on our findings here, further toxicity and antiviral evaluations
of TMPRSS2-specific PPMO in animal models are warranted.

Current measures to control and treat influenza are annual vaccination and the use
of inhibitors of the viral neuraminidase (NA) (oseltamivir, zanamivir, and peramivir).
Recently, an inhibitor of the cap-dependent endonuclease of the viral polymerase
acidic protein (PA) (baloxavir) was approved for treatment of IAV and IBV infections in
Japan and the United States. The first-generation antiviral influenza drugs amantadine
and rimantadine, both of which block the ion channel protein M2, are no longer
recommended due to the widespread antiviral resistance in circulating IAVs. The
development of drug resistance to current antiviral treatment options is a major
concern in influenza control. Inhibition of HA cleavage by specific protease inhibitors
will likely avert the emergence of drug resistance. The C-terminal amino acid sequence
of HA1 upstream of the cleavage site differs among different IAV subtypes but is highly
conserved within each subtype. The development of escape mutants arising from
selective pressure imposed by inhibition of TMPRSS2-mediated HA cleavage is unlikely.

There is accumulating evidence that TMPRSS2 may play a role in other respiratory
virus infections. TMPRSS2 has been shown to activate the spike protein (S) of different
human coronaviruses (CoV), including severe acute respiratory syndrome CoV (SARS-
CoV) and Middle East respiratory syndrome CoV (MERS-CoV), and the fusion protein (F)
of human parainfluenza viruses and human metapneumovirus upon coexpression in
vitro (reviewed in reference 24). Remarkably, a recent study demonstrated that mice
deficient in the expression of TMPRSS2 are protected from severe pathogenesis upon
SARS-CoV and MERS-CoV infection, similar to what has been observed for HIN1pdm
and H7N9 IAV in TMPRSS2 knockout mice (57). The contribution of TMPRSS2 to the
activation of SARS-CoV and MERS-CoV in human respiratory cells, however, remains to
be demonstrated.

The present study provides strong evidence that TMPRSS2 is a host cell factor
essential for activation and multiplication of IAV in the human lower respiratory tract
and IBV in human lung. The development of potent TMPRSS2 inhibitors appears to be
a promising approach for therapeutic intervention against influenza virus infections.
Further advancement of T-ex5 could lead to a highly selective inhibitor of TMPRSS2
expression with therapeutic potential.
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MATERIALS AND METHODS

Cells. All cell growth and incubations were carried out at 37°C with 5% CO,. Calu-3 human airway
epithelial cells (ATCC HTB55) were cultured in Dulbecco’s modified Eagle’s medium (DMEM)-Ham F-12
medium (1:1) (Gibco) supplemented with 10% fetal calf serum (FCS), penicillin, streptomycin, and
glutamine, with fresh culture medium replenished every 2 to 3 days. 293F human embryonic kidney cells
and Madin-Darby canine kidney Il [MDCK(II)] cells were maintained in DMEM supplemented with 10%
FCS, antibiotics, and glutamine.

Primary human bronchial epithelial cells (HBEC) (obtained with necessary approvals; originating from
patients [n = 3] undergoing thoracic surgery at the University Hospital of Giessen and Marburg) were
isolated and cultivated under air-liquid interface conditions to form well-differentiated, pseudostratified
cultures as described previously (58). Briefly, isolated HBEC were maintained and expanded (1 passage)
in T75 flasks in hormone- and growth factor-supplemented airway epithelial cell growth medium (AEGM)
(ready to use; PromoCell). At 80% confluence, cells were detached with 0.05% trypsin-EDTA (Gibco) and
seeded onto membrane supports (12-mm Transwell culture inserts with a 0.4-um pore size; Costar)
coated with 0.05 mg collagen from calf skin (Sigma-Aldrich) in ready-to-use AEGM supplemented with
1% penicillin-streptomycin. HBEC were cultured for 2 days until they reached complete confluence.
Apical medium was then removed, and basal medium was replaced by a 1:1 mixture of DMEM (Sigma)
and ready-to-use AEGM supplemented with 60 ng/ml retinoic acid (Sigma). Cultures were maintained
under air-liquid interface conditions by changing the medium in the basal filter chamber three times a
week. Fully differentiated 4-week-old cultures were used for the experiments. Mucociliary differentiation
was assessed by the presence of beating cilia, and mucus production was observed as a visible mucus
layer on the apical surface of the cultures.

Primary human type Il alveolar epithelial cells (AECII), also obtained from patients (n = 6) undergoing
lung surgery at the University Hospital of Giessen and Marburg, were isolated as described previously
(59). A total of 400,000 isolated cells were seeded onto collagen-coated membrane supports (described
above) in small airway epithelial cell growth medium (PromoCell) supplemented with hormones, growth
factors, 1% penicillin-streptomycin, and 2% FCS. The AECII were cultured for 7 days, with fresh medium
in the apical and basal chambers replenished every 2 to 3 days.

Viruses and plasmids. The influenza viruses used in this study were A/Hamburg/5/09 (H1N1pdm)
(Hamburg/H1N1pdm) (kindly provided by Mikhail Matrosovich, Institute of Virology, Marburg, Germany),
A/Anhui/1/2013 (H7N9) (Anhui/H7N9) (kindly provided by John McCauley, Division of Virology, MRC
National Institute for Medical Research, London, UK), A/FPV/Rostock/34 (H7N1) (FPV/H7N1), B/Malaysia/
2506/2004 (Malaysia/B), and B/Massachusetts/71 (Massachusetts/B). Recombinant influenza viruses used
were Anhui/H7/PR8 [containing HA of A/Anhui/1/13 (H7N9) along with 7 genes of A/PR8/34 (H1NT)
(PR8)] and Aichi/H3N2/PR8 [HA and NA of A/Aichi/2/68 (H3N2) and 6 genes of PR8]. Recombinant IAV
were generated by reverse genetics using the pHW2000-based eight-plasmid system described previ-
ously by Hoffmann et al. (60). Briefly, 293F cells were cotransfected with eight pHW2000 plasmids
containing all eight influenza virus gene segments. Forty-eight hours after transfection, the cell super-
natant was treated with 1 ug/ml tosyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Sigma)
for 1 h at 37°C and then incubated on MDCK(lI) cells for 1 h. Afterwards, cells were washed and
maintained in infection medium containing 1 pug/ml TPCK-trypsin for 2 to 3 days. Virus-containing
supernatants were analyzed by a plaque assay and sequencing, and stock virus was propagated on
MDCK(II) cells as described below.

All 1AVs were propagated in MDCK(II) cells in infection medium containing 1 ug/ml TPCK-treated
trypsin. IBVs were grown in the allantoic cavity of 11-day-old embryonated chicken eggs. Cell superna-
tants and allantoic fluid were cleared by low-speed centrifugation and stored at —80°C. Virus stocks
grown in MDCK(ll) cells with exogenous trypsin as well as in embryonated chicken eggs possess cleaved
HA and are infectious. All work with A/Anhui/1/13 (H7N9) was performed under biosafety level 3 (BSL3)
conditions. For logistical reasons, infection experiments using AECII were performed under BSL2 condi-
tions, and therefore, the recombinant Anhui/H7/PR8 virus was used instead of A/Anhui/1/13 (H7N9).

pHW2000 plasmids encoding the gene segments of PR8 were kindly provided by Erich Hoffman and
Robert Webster (St. Jude Children’s Research Hospital, Memphis, TN, USA) and were described previously
(60).

Antibodies. Polyclonal rabbit sera against HA of A/Anhui/1/13 (H7N9) and HA of IBV were purchased
from Sino Biological Inc., and a polyclonal rabbit serum against HA of H3N2 was purchased from GeneTex
(catalogue number GTX127363). A monoclonal mouse anti-beta-actin antibody was purchased from
Abcam (catalogue number ab6276). Horseradish peroxidase (HRP)-conjugated secondary antibodies
were purchased from Dako.

Immunofluorescence analyses were performed using the following antibodies: monoclonal mouse
anti-IAV nucleoprotein (NP) (Abcam), monoclonal anti-IBV NP (Thermo Fisher Scientific), monoclonal
mouse Cy3-labeled anti-beta-tubulin (catalogue number C4585; Sigma), monoclonal mouse anti-
acetylated tubulin (catalogue number T7451; Sigma), polyclonal anti-prosurfactant protein C (pro-SP-C)
(catalogue number ab40879; Abcam), and polyclonal anti-MUC5AC (catalogue number sc-20118; Santa
Cruz). Polyclonal rat serum against TMPRSS2 was generated by DNA vaccination (Genovac; Aldevron).
Species-specific fluorescein isothiocyanate (FITC)-conjugated and Alexa Fluor dye-conjugated secondary
antibodies were purchased from Dako and Life Technologies, respectively.

PPMO. Phosphorodiamidate morpholino oligomers (PMO) were synthesized at Gene Tools LLC
(Corvallis, OR, USA). PMO sequences (5" to 3') were CAGAGTTGGAGCACTTGCTGCCCA for T-ex5 and
CCTCTTACCTCAGTTACAATTTATA for scramble. The cell-penetrating peptide (RXR), (where R is arginine
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and X is 6-aminohexanoic acid) was covalently conjugated to the 3’ end of each PMO through a
noncleavable linker, to produce peptide-PMO (PPMO), by methods described previously (61).

RNA isolation, RT-PCR analysis of exon skipping, and RT-qPCR analysis of protease transcripts.
For analysis of TMPRSS2 mRNA in experiments where PPMO were used to skip exon 5 in Calu-3 cells,
HBEC, and AECII, the cells were incubated with the indicated concentrations of T-ex5 or scramble PPMO
or no PPMO in infection medium for 24 h. Total RNA was isolated at the indicated time points using the
RNeasy minikit (Qiagen) according to the manufacturer’s protocol. Reverse transcription-PCR (RT-PCR)
was carried out with total RNA using the one-step RT-PCR kit (Qiagen) according to the supplier’s
protocol. For detection of TMPRSS2 mRNAs, to analyze exon skipping, primers TMPRSS2-108fwd (5'-CTA
CGA GGT GCA TCC-3') and TMPRSS2-1336rev (5'-CCA GAG GCC CTC CAG CGT CAC CCT GGC AA-3'),
designed to amplify a full-length PCR product of 1,228 bp from control cells and a shorter PCR fragment
of about 1,100 bp (Aex5) from T-ex5-treated cells, were used (17). RT-PCR products were resolved on a
0.8% agarose gel stained with ethidium bromide.

To quantify protease transcripts in the different airway cell systems, RT-quantitative PCR (qPCR) was
performed. Total RNA was isolated from Calu-3 cells, HBEC, or AECII using the RNeasy minikit according
to the manufacturer’s protocol. Extracted RNA (7.5 ng and 2.5 ng of RNA isolated from Calu-3 cells/HBEC
and AECII, respectively) was reverse transcribed and amplified using the Luna universal one-step RT-qPCR
kit (New England Biolabs). Primer sequences are available upon request. Transcripts of the housekeeping
gene a-tubulin were used for normalizations. The maximum reliable AC; value was set to 30. Higher AC;
levels were defined as protease transcript not being present. Data expressed as a percentage compared
to a-tubulin are means * standard deviations (SD) from three replicates.

To quantify protease transcripts in HBEC upon virus infection, HBEC cultures were inoculated with the
indicated virus at a multiplicity of infection (MOI) of 1 for 1 h as described below, the inoculum was then
removed, and cells were washed with phosphate-buffered saline (PBS) and further incubated for 24 h.
Total RNA was isolated, and 7.5 ng of the RNA was used for RT-qPCR with protease-specific primers as
described above. Uninfected HBEC cultures were used as a control. Transcripts of the housekeeping gene
a-tubulin served as controls for normalizations. Protease transcript levels of uninfected HBEC were set to
a value of 1. Data expressed as n-fold changes over uninfected cells, 2~24¢7, are means + SD from four
replicates.

Infection of cells and multicycle viral replication. Infection experiments and PPMO treatment of
Calu-3 cells were performed using infection medium (DMEM supplemented with 0.1% bovine serum
albumin [BSA], glutamine, and antibiotics). Infection and PPMO treatment of HBEC and AECIl were
performed under serum-free conditions using the airway cell media defined above.

For analysis of multicycle replication kinetics in Calu-3 cells with or without T-ex5 treatment, cells
were seeded in 24-well plates and grown to confluence. Cells were incubated with 25 uM T-ex5 PPMO
or scramble PPMO in infection medium for 24 h or remained untreated. After removal of preinfection
medium, the cells were then inoculated with virus at an MOI of 0.01 to 0.001 in infection medium for 1
h, washed with PBS, and incubated in infection medium without PPMO for 72 h. At 16, 24, 48, and 72 h
postinfection (p.i.), supernatants were collected, and viral titers were determined by a plaque assay on
MDCK(II) cells with an Avicel overlay as described previously (17).

For analysis of multicycle replication and spread of IAV and IBV in HBEC and AECIl grown on
membrane supports, the cells were treated apically with 25/30 uM (HBEC/AECII) PPMO in medium for 24
h. Cells were washed with PBS, inoculated apically with virus at an MOI of 0.01 to 0.001 for 1 h, washed
with PBS, and incubated in fresh infection medium (apical chamber) containing 30 wM PPMO (AECII) or
without medium in the apical chamber and in the absence of PPMO (HBEC) for 24 h. At 24 h
postinfection, cells were fixed with methanol-acetone (1:1) on ice and immunostained against viral NP,
cilia, or pro-SP-C as described below. To quantify progeny virus released from HBEC grown under
air-liquid interface conditions at 24 h p.i,, the cells were washed apically with 150 ul medium for 10 min
at 37°C with 5% CO, to harvest released virus particles. To quantify progeny virus released from
Aichi/H3N2/PR8- or Malaysia/B-infected AECIl at 24 h p.i, cell supernatants were collected prior to
fixation of cells. Virus titers in apical washes (HBEC) and cell supernatants (AECII) were determined in PFU
per milliliter by a plaque assay.

For analysis of virus growth kinetics in AECII grown on membrane supports, the cells were treated
apically with 30 uM T-ex5 PPMO in medium for 24 h. Cells were washed with PBS, inoculated apically
with virus at an MOI of 0.005 for 1 h, washed with PBS, and incubated in fresh medium apically with
30 uM T-ex5 or scramble PPMO for 72 h. At 24, 48, and 72 h p.i,, supernatants were collected, and viral
titers were determined by plaque titration as described above.

To analyze HA cleavage in PPMO-treated Calu-3 cells, HBEC, and AECII, cells were treated with T-ex5
or scramble PPMO for 24 h as described above. Untreated cells were used as controls. Cells were then
inoculated with virus at the indicated MOI for 1 h, washed with PBS, and incubated for 24 to 72 in fresh
infection medium without PPMO (Calu-3 cells), without medium apically and without PPMO treatment
(HBEQ), or in fresh medium apically containing 30 uM PPMO (AECII) for 24 to 72 h. Cells were subjected
to SDS-PAGE and Western blot analysis as described below.

SDS-PAGE and Western blot analysis. Cells were washed with PBS, lysed in reducing SDS-PAGE
sample buffer, and heated at 95°C for 10 min. Proteins were subjected to SDS-PAGE (12% gel), transferred
to a polyvinylidene difluoride (PVDF) membrane (GE Healthcare), and detected by incubation with
primary antibodies and species-specific peroxidase-conjugated secondary antibodies. Proteins were
visualized using the ChemiDoc XRS+ system with Image Lab software (Bio-Rad).

Animals and murine alveolar epithelial type Il cell isolation. TMPRSS2-deficient mice (strain
Tmprss2tm1Psn; mixed C57BL/6J-129 background) were kindly provided by Peter Nelson (Fred Hutchinson
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Cancer Research Center, Seattle, WA, USA) and have been described previously (27). Homozygous
TMPRSS2 knockout mice (Tmprss2—/~) and wild-type littermates (Tmprss2+/*) were bred and housed in
the animal facility of the Philipps University Marburg. All protocols involving mice have been approved
by the Commission on Animal Protection and Experimentation at the Philipps University Marburg.
Preparation of primary AECII was conducted according to previously described procedures (62, 63).
Briefly, Tmprss2—/— mice and wild-type littermates were sacrificed using isoflurane and subsequent
severing of the vena cava. The chest was opened, and sterile PBS was injected via the right ventricle into
the heart until the lungs appeared bloodless. The trachea was exposed and incised with a small opening
between cartilage braces to insert a venous catheter of 1.10 by 33 mm without a needle (B. Braun
Melsungen), which was fixed with a sterile string. A total of 1 to 1.5 ml of a dispase solution (Corning)
was gently injected until lungs were inflated and closed by the addition of prewarmed 1% low-melting-
point agarose in sterile distilled water (dH,0). After hardening of the agarose, lungs were dissected and
incubated (completely covered) in dispase solution for 45 min. Lungs were mechanically crushed with
tweezers in culture dishes filled with 7 ml DMEM supplemented with sterile 25 mM HEPES buffer
(Sigma-Aldrich), 0.01% DNase (Serva), 5% glutamine, and 5% penicillin-streptomycin (Gibco), followed by
incubation for 10 min at room temperature with shaking. The lung suspension was further homogenized
by pipetting (up and down 15 times) and filtering via 100-um and 40-um cell strainers (Greiner Bio One).
Filtered cells were harvested by centrifugation (140 X g for 10 min at 4°C), the supernatant was carefully
discarded, and cells were resuspended in 5 ml growth medium (DMEM supplemented with 10% FCS,
antibiotics, and glutamine) and incubated with biotinylated monoclonal rat anti-mouse antibodies
(9.5ng CD16/32, 7.1 ng CD31, and 4.2 ng CD45 [BD Biosciences]) for 30 min at 37°C. Afterwards, 5 ml
DMEM, supplemented with 5% glutamine and 5% penicillin-streptomycin, was added to the cells,
followed by centrifugation (140 X g for 15 min at 4°C), discarding of the supernatant, and resuspension
in 4.5 ml DMEM. Streptavidin-coated magnetic beads (230 ul per lung) washed and equilibrated with PBS
to 0.5 ml (Thermo Fisher Scientific) were added and incubated for 30 min at room temperature with
shaking. Depletion of leukocytes was performed with a magnetic separator (Thermo Fisher Scientific) for
15 min at room temperature and careful recovery of the cell suspension freed from the magnetic beads.
Finally, medium of the cell suspension was changed by centrifugation (140 X g for 15 min at 4°C) to 2 ml
growth medium. Isolated cells originating from one lung were equally split, seeded into 6 membrane
supports (12-mm Transwell culture inserts with a 0.4-um pore size; Costar), coated with 0.05 mg collagen
type | from calf skin (Sigma-Aldrich) per well, and cultivated under liquid-liquid culture conditions for 24
h in growth medium at 37°C with 5% CO,. Cells were then washed and incubated under air-liquid
interface conditions for 24 h. All experiments were performed with cells 48 h after isolation.

Multicycle replication in primary murine alveolar epithelial type Il cells. For analysis of multi-
cycle replication and spread of IAV and IBV in murine AECII, cells were washed apically and basally with
PBS and infected apically with virus at an MOI of 0.01 to 0.001 in infection medium for 1 h. The inoculum
was removed, and cells were washed and incubated further with infection medium (under liquid-liquid
conditions) for 24 h. Cells were fixed, and virus spread was visualized by immunofluorescence staining
of 1AV or IBV NP as described below.

For quantification of virus multiplication, cells were washed with PBS and infected apically with virus
at a low MOI in infection medium for 1 h. The inoculum was removed, and cells were washed and
incubated further in infection medium under liquid-liquid conditions for 72 h. At the indicated time
points p.i., virus titers in the apical supernatant were determined by a plaque assay on MDCK(II) cells as
described above. At 72 h postinfection, cell lysates were subjected to SDS-PAGE and immunoblotting
using HA-specific antibodies as described above.

Immunofluorescence staining and microscopy. Immunofluorescence staining of goblet cells and
ciliated cells was performed using HBEC cultures fixed and permeabilized with methanol-acetone (1:1) for
20 min on ice. Cells were then blocked with 2% BSA and incubated with primary antibodies against
MUC5AC (mucus) and acetylated tubulin (cilia) for 1 h at room temperature. Cells were washed and
incubated with species-specific Alexa Fluor dye-conjugated secondary antibodies for 1 h at room
temperature. The nuclei were stained using DAPI (4',6-diamidino-2-phenylindole). Cell surface immuno-
fluorescence staining of TMPRSS2 was performed using nonpermeabilized and nonfixed HBEC cultures,
since the TMPRSS2-specific antibody used in this study was not able to detect TMPRSS2 after parafor-
maldehyde fixation. Therefore, HBEC cultures were washed with PBS and then incubated with a
TMPRSS2-specific antibody for 1 h at 4°C. Subsequently, cells were washed, fixed with 4% paraformal-
dehyde for 30 min, and then incubated with species-specific FITC-labeled secondary antibody and
anti-beta-tubulin Cy3-labeled antibody (cilia) for 1 h at room temperature. For HBEC sections, HBEC
cultures were embedded in TissueTek (Sakura), sectioned (4 um) using a cryostat, and frozen at —80°C.
For immunofluorescence staining, sections were rinsed in water to remove the TissueTek, fixed, and
permeabilized using methanol-acetone (1:1) for 20 min on ice. Sections were incubated with a TMPRSS2-
specific antibody for 1 h, washed, and incubated with a species-specific FITC-labeled antibody and
anti-beta-tubulin Cy3-labeled antibody for 1 h. The nuclei were stained using DAPI. All cells were
mounted in Fluoroshield (Sigma) and analyzed on a Zeiss Axiophot fluorescence microscope.

To analyze virus spread in HBEC and AECII, the cells were fixed and permeabilized using methanol-
acetone (1:1); blocked with a solution containing 2% BSA, 5% glycerol, and 0.2% Tween 20; and
incubated with primary antibodies against NP, beta-tubulin (cilia; Cy3-labeled antibody), or pro-SP-C
(AECII marker). Subsequently, cells were washed and incubated with species-specific Alexa Fluor dye-
conjugated secondary antibodies. DAPI was used as a counterstain. Cells were mounted in Fluoroshield,
and images were captured using a fluorescence microscope (Zeiss Axiophot or Zeiss Axiovert 200M) and
camera.
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Cell viability assay. Cell viability was assessed by measuring the cellular ATP content using the Cell

TiterGlo luminescent cell viability assay (Promega). HBEC and confluent AECII monolayers grown on
membrane supports were incubated with the indicated concentrations of PPMO for 24 h. Subsequently,
cells were incubated (apical chamber) with the substrate according to the manufacturer’s protocol.
Luminescence was measured using a black 96-well plate (Nunc) with a luminometer (Centro LB 960;
Berthold Technologies). The absorbance values of PPMO-treated cells were converted to percentages by

comparison to untreated control cells, which were set at 100% cell viability.
Statistical analysis. Statistical analysis was performed by using the freeware R-Studio version 3.4.4.

by applying the R package “companion to applied regression” (car) (version 2.1-6). Statistical significance
between the different values (AC; values) was analyzed by one-way analysis of variance (ANOVA)
followed by Tukey’s multiple-comparison test according to the number of parameters and groups being
compared. A P value of 0.05 was considered significant.
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